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The Dlx genes are expressed in a coordinate manner, establishing proximal–distal polarity within the pharyngeal arches. In zebrafish, dlx2a is
expressed in the migrating cranial neural crest that contributes to the pharyngeal arches. Expression of dlx2a in the arches is subsequently
followed by overlapping expression of the physically linked dlx1a gene, and of other paralogues that include dlx5a/dlx6a and dlx3b/dlx4b. To
investigate the patterning and establishment of arch proximodistal polarity in zebrafish, we characterized the function of dlx2a and dlx1a, using
antisense morpholino oligonucleotides (MOs). We show that embryos injected with dlx1a and dlx2a MOs exhibit reduced and dysmorphic arch
cartilage elements. The combined loss of dlx1a and dlx2a causes severe arch cartilage dysmorphology, revealing a role for these genes in
maturation and patterning of arch chondrogenesis. Knockdown of dlx2a affects migrating neural crest cells as evidenced by reduced expression of
crestin, and sox9a transcripts, in addition to increased levels of apoptosis. During pharyngogenesis, loss of dlx2a results in aberrant barx1
expression and the absence of goosecoid transcripts in the dorsal region of the ceratohyal arch. Defects in the differentiation of ectomesenchymal
derivatives, including sensory ganglia and cartilage elements, indicate a role for dlx2a in specification and maintenance of cranial neural crest.
© 2007 Elsevier Inc. All rights reserved.Keywords: Dlx; Pharyngeal arch; Craniofacial; Neural crest; Cartilage; ZebrafishIntroduction
The Dlx genes, of which gnathostomes have at least six,
are homeodomain-containing transcription factors generally
arranged as convergently transcribed bigene clusters. The
linked paralogs are separated by a short intergenic region, and
have overlapping expression patterns due to purportedly shared
cis-acting regulatory elements (Ghanem et al., 2003; Park et al.,
2004; Sumiyama and Ruddle, 2003b; Zerucha and Ekker,
2000). Within the pharyngeal arch primordia, the Dlx genes are
expressed in a nested manner. Distributions of the mouse Dlx1
and Dlx2 transcripts are indistinguishable, overlapping through-⁎ Corresponding author.
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doi:10.1016/j.ydbio.2007.11.005out the maxillary and mandibular components of the first arch.
Dlx5/6 and Dlx3/4 (formerly Dlx3/7, Panganiban and Ruben-
stein, 2002) are expressed in increasingly more ventrodistal
domains of the mandible, correlating with their role in
proximodistal patterning. Mouse Dlx1/2−/− craniofacial defects
reveal a loss of proximal features, that include the absence of
maxillary molars (Qiu et al., 1997). Dlx5/6−/− mutants exhibit
enantiomorphism of proximal maxillary hard and soft tissues,
exemplified by rugae and vibrissae reproduced in the distal
mandibular component of the first arch (Beverdam et al., 2002;
Depew et al., 2002).
The cranial neural crest cells originating from the posterior
midbrain and hindbrain regions of the zebrafish embryo migrate
as three streams into the mandibular, ceratohyal (hyoid) and
gill arches 3–7 in a rostrocaudal manner (reviewed in Eisen
and Weston, 1993; Schilling and Kimmel, 1994; Yelick and
Schilling, 2002). During migration, cells divide and express
markers that presage their fate. Influenced by intrinsic and
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of the skull, the dentin and pulp of teeth, connective tissues,
nerve ganglia and melanocytes (Graham et al., 2004). As an
exception to the overlapping expression patterns of cis-
paralogues, Dlx2/dlx2a differs from Dlx1/dlx1a in that Dlx2/
dlx2a transcripts are found in the cranial neural crest migrating
from the hindbrain in mouse and zebrafish (Akimenko et al.,
1994; Bulfone et al., 1993; Robinson and Mahon, 1994).
To investigate the function of zebrafish dlx2a in the cranial
neural crest and its coordinate role with dlx1a in the arches,
we inactivated one or both genes with morpholino antisense
oligonucleotides (MO). Both dlx1a and dlx2a function in
patterning the proximal (dorsal) aspects of the mandibular and
ceratohyal arches, and maturation of the arch cartilage elements.Materials and methods
Animal maintenance and transgenic zebrafish
Adult zebrafish and embryos were maintained using methods described in
Westerfield (1995). Embryos and larvae were fixed in 4% paraformaldehyde
(PFA)/phosphate buffered saline (PBS) and dehydrated in methanol for storage
at −20 °C.
Inactivation of dlx2a and dlx1a mRNA
Morpholino oligonucleotides (MOs) complementary to the translational start
site of dlx2a and dlx1a (Table 1A) were microinjected into one to two cell-stage
embryos. MOs (GeneTools; start sites bolded) used are as follows: dlx1aMO,Table 1
A
dlx1a atgcaccATG TCT ACA ATA CCA GAG AGT CTA
dlx1a MO 3′-gTAC AGA TGT TAT GGT CTC TCA GAT-5′
dlx1a-GFP atgaccATG TCT ACA ATA CCA GAG AGT CTA GCT CCA A
mm Dlx1 agaagagATG ACC ACC ATG CCA GAA AGT CTC
dlx2a tgcggtatgaaaaacATG ACT GGA GTT TTT GAC AGC CT
dlx2aMO 3′-acgccatactttttgTAC TGA CCT C-5′
dlx2aMO2 3′-TAC TGA CCT CAA AAA CTG TCG GA
dlx2a-GFP tgcggtatgaaaaacATG ACT GGA GTT GCT CCA AAG AA
mm Dlx2 aggATG ACT GGA GTC TTT GAC AGT CT
B
dlx1a rescue (120 hpf)
Control 1%
dlx1a MO 38%
dlx1a MO+100 pg Dlx1 mRNA 12%
dlx2a rescue 24 hpf 120 hpf
Control 0% 3%
dlx2a MO 93% 22%
dlx2a MO+60 pg mRNA 66% 9%
dlx2a MO+120 pg mRNA 24% 10%
A: Sequences of the zebrafish dlx1a and dlx2a genes near the translation initiation cod
(mm) Dlx mRNAs used in rescue experiments are indicated. For the dlx-gfp fusion
with synthetic mouse Dlx mRNA. In each case, a concentration of 0.5 mM MO was
were injected in each group. The smaller percentage of affected embryos with the dlx2
dead individuals were not included in the calculations.[5′-TAGACTCTCTGGTATTGTAGACATG-3′], dlx2aMO [5′-CTCCAGT-
CATGTTTTTCATACCGCA-3′], dlx2aMO2 [5′-TGAGGCTGTCAAA AAC-
TCCAGTCAT-3′] a gift from David Stock (Univ. of Colorado), and a standard
control [5′-CCTCTTACCTCAGTTACAATTTATA-3′], were diluted in
Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca
(NO3)2, 5 mM Hepes, pH 7.6) and 0.05% Phenol Red. Embryos were injected
with approximately 1 nl at concentrations indicated. Standard Control MO
was injected in concurrent trials at identical concentrations. The dlx1aMO
and dlx2aMO were always co-injected in equal concentrations. A second
morpholino for dlx2a (dlx2aMO2) was also tested and produced the same
phenotype as dlx2aMO.
Confirmation of morpholino inhibition of translation was performed by co-
injecting the dlx1aMO or dlx2aMO and capped synthetic mRNAs encoding
for DLX1A:GFP or DLX2A:GFP fusion proteins. These mRNA offer a
perfect target sequence for the MOs (Table 1A). Compared to embryos
injected with the dlx1a:gfp or dlx2a:gfp mRNAs alone, embryos that also
received the dlx1aMO or the dlx2aMO exhibited a complete loss of gfp
expression (data not shown).
To ensure specificity of the morpholinos, rescue of the resulting mutant
phenotypes was performed by co-injecting the corresponding synthetic capped
mRNA derived from Dlx1, the mouse ortholog of dlx1a or from Dlx2, the
mouse ortholog of dlx2a. The entire coding sequence of the mouse Dlx1
(NM010053) and Dlx2 (NM010054) genes was amplified from cDNA clones
and subcloned into pDrive (Qiagen) and pSP72, respectively. The cDNAs were
linearized with EcoRI and BamH1, respectively and transcribed with T7 RNA
Polymerase. Capping of the mRNA was performed with 7′ methylguanosine
GTP analogue cap (Ambion). Transcript length and quality were assessed by
agarose gel electrophoresis and quantified by spectrophotometery.
Phenotypic analysis
Cartilage staining was performed essentially as in Ellies et al. (1997a).
Briefly, larvae were fixed in 4% PFA/PBS pH 7.0 overnight (O/N). Larvae wereA
C A
G T-5′
G A
G G
ons and of the morpholinos used in this study. Sequences of the synthetic mouse
mRNAs, gfp sequences are italicized. B: Rescue of the morpholino phenotypes
used. The percentage of affected embryos is shown. At least 50 embryos/larvae
aMO at 120 hpf is attributable to an increased mortality compared to 24 hpf; the
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in a solution of 0.1% alcian blue, 70% EtOH, and 30% acetic acid. Larvae were
then washed again in 70% EtOH, stepwise dehydrated to 100% EtOH, and then
rehydrated in PBS. Tissues were then macerated in 1% sodium tetraborate
(Borax) and 0.05% trypsin for 1–3 h. Larvae were then washed in PBS and
bleached in 3% hydrogen peroxide/1% potassium hydroxide.
Whole-mount in situ hybridizations were performed as described by
Akimenko et al. (1994). Antisense riboprobes were labeled with either
digoxigenin- or fluorescein-12-UTP (Roche). Anti-Digoxigenin or anti-
Fluorescein antibodies (Roche) were used to detect labeled antisense probe.
Two-color hybridizations included a 1-h glycine (100 mM, pH 2.2) incubation to
eliminate any carryover alkaline phosphatase activity for the second antibody
incubation and staining. Red staining was performed with Fast Red tablets
(Roche). The following labeled antisense riboprobes were used: dlx1a
(NM131305), hand2/dhand (NM131626) (Angelo et al., 2000), dlx2a
(NM131311) (Akimenko et al., 1994), goosecoid (NM131017) (Schulte-Merker
et al., 1994), crestin (AF195881) (Luo et al., 2001; Rubinstein et al., 2000),
neuroD (NM130978) (Korzh et al., 1998), nkx2.3 (NM131423) (Lee et al.,
1996), sox9a (NM161343) (Chiang et al., 2001), barx1 (NM001024949)
(Walker et al., 2006). Immunohistochemical staining was performed with the
zn-5 primary antibody (Zebrafish International Resource Center, Eugene,
Oregon), at 1/150 dilution (Trevarrow et al., 1990) and visualized with the
Vectastain ABC kit (Vectastain).
Apoptosis was determined by acridine orange (AO) staining and TUNEL
labeling. Vital dye staining of cells was performed by soaking dechorionated
embryos in 5 μg/ml of AO for 30 min in the dark and washed. TUNEL labeling
was performed with Terminal transferase (Roche), and dUTP-DIG (Roche) as
described in Ellies et al. (1997a).Fig. 1. (A) Expression of dlx2a in migrating neural crest cells at 13 somites (15 hpf
16 hpf, dorsal view). Expression of (B) dlx2a and (C) dlx1a at 35 hpf. d, diencephalon
arches are numbered. Scale bar: (A) 100 μm, (B, C) 50 μm. (C–E) Histograms depic
following morpholinos injection. Embryos and larvae were evaluated based on prop
(see Fig. 2). (C) Embryos injected with dlx2aMO and (E) embryos injected with dlx1
were assessed at 120 hpf. Embryos failing to undergo proper extension and convergen
removed prior to assessment. Numbers of animals assessed for each morpholino and c
bar, respectively.Photography
Samples were digitally photographed with a Leica MZ FLIII fluorescent
dissecting microscope connected to a computer running Northern Eclipse 6.0
image capture software (Empix Imaging Inc., Mississauga). Specimens were
mounted in either PBS or 3% methylcellulose. For higher magnification,
embryos were cleared in glycerol and digitally photographed using a Zeiss
Axioscope.
Results
Proper head outgrowth and arch cartilage maturation require
dlx1a and dlx2a
The zebrafish dlx1a and dlx2a are expressed in an
overlapping manner in the pharyngeal arch ectomesenchyme
(Figs. 1A–C and Ellies et al., 1997a,b) and subsequent arch
chondrogenic condensations (Ellies et al., 1997a). The ventral
cartilage elements are comprised of the mandibular or Meckel's
cartilage in the first arch, the basihyal, and ceratohyal (hyoid)
of the second arch, and the ceratobranchials and associated
hypobranchials and basibranchials of the remaining posterior
arches. The dorsal elements include the palatoquadrate in the
first arch, and the hyosymplectic in the hyoid arch with the) and 15 somites, neural crest streams are labeled with Roman numerals (inset;
; e, eye; h, hyoid arch; m, mandibular arch; ov, otic vesicle, t, telencephalon. Gill
ting the percentage of embryos and larvae showing abnormal head development
er head growth and/or normal chondrogenesis visualized by alcian blue staining
aMO+dlx2aMO were assessed at 24 hpf. (D) Embryos injected with dlx1aMO
ce due to the injection or general poor development due to possible toxicity were
oncentration of the injected morpholino (mM) are indicated within or below each
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ceratohyal. To better understand the role of dlx1a and dlx2a
during arch cartilage formation, antisense morpholino oligos
complementary to the start sites of dlx1a and/or dlx2a were
injected at increasing concentrations into one to two cell-stage
embryos (Figs. 1D–F). Embryos injected with the dlx2aMO
exhibited smaller heads in comparison to control MO injected
embryos at 24 h post-fertilization (hpf; data not shown).
Embryos injected with the dlx1aMO initially appeared normal
at 24 hpf. Their development was followed until 120 hpf and
then assessed (Figs. 1E and 2). Embryos injected with 0.25 mM
each of the dlx1aMO and dlx2aMO (Fig. 1F), were not
strikingly more affected than those receiving 0.25 mM
dlx2aMO alone (Fig. 1D), when embryos were assessed at
24 hpf.
To confirm the specificity of the phenotype caused by the
morpholinos, we carried out rescue experiments with synthetic
mRNAs for the mouse Dlx1 and Dlx2 genes. The sequences of
these genes near the translation initiation codon are sufficiently
different from that of their zebrafish orthologs so that the MOs
will not bind to them (Table 1A). We examined embryos for
rescue by morphological examination at 24 hfp, for dlx2a and
by alcian blue staining at 120 hpf for both dlx1a and dlx2a. AsFig. 2. dlx1a and dlx2a are required for proper head outgrowth and arch cartilage
received the (A) control MO, 0.5 mM; (B) dlx1aMO, 0.5 mM; (C) dlx2aMO, 0.25
Cartilage elements stained with alcian blue. (E–H) are lateral views; (I–L) are ventral
by fusion of hyosymplectic and ceratohyal elements (arrowhead). (M–P) Dissected ce
ethmoid plate; hys, hyosymplectic; ih, interhyal; M, Meckel's cartilage; pq, palatoqua
site of lateral branching. (A–P) Anterior is to the left. Scale bar in panel A: 250 μmmentioned above, the dlx1aMO did not produce any obvious
morphological phenotype at 24 hpf precluding rescue analysis.
Both synthetic mRNAs for mouse Dlx1 and Dlx2 were able to
rescue the phenotype caused by the MO for their zebrafish
ortholog when 100 pg and 120 pg were injected, respectively
(Table 1B).
To determine the extent of dlx1a and dlx2a loss of function
on chondrogenesis, cartilage patterning was assayed by alcian
blue staining, which binds to proteoglycan components of the
chondrogenic extracellular matrix (Fig. 2). Compared to control
larvae (Fig. 2A), morphants injected with the 0.5 mM dlx1aMO
or with 0.5 mM dlx2aMO exhibited smaller heads and reduced
pharyngeal arch outgrowth (Figs. 2B, C). Reduced anterior
facial protrusion generally correlates with failure of the jaw to
extend forward and/or with a shortened trabecular-ethmoid
plate of the neurocranium. Examination of alcian blue staining
in both dlx1a and dlx2a morphants showed reduced and
malformed cartilage elements, including Meckel's, palatoqua-
drate, hyosymplectic and ceratohyal elements (Figs. 2E–G).
Morphants for dlx2a were more severely affected than embryos
injected with the dlx1aMO (Figs. 2I–K). Chondrocyte stacking
within the elements of dlx1a and dlx2a morphants was not
arrayed in as orderly a manner as normally observed, resultingpatterning. (A–D) Lateral views of head morphology in 5-day-old larvae that
mM; (D) an equal combination of dlx1aMO+dlx2aMO 0.25 mM each. (E–P)
view. The inset in panel H is a lateral oblique view showing loss of the interhyal
ratobranchial arch elements, numbered. cb, ceratobranchials; ch, ceratohyal; eth,
drate. Arrows (A–D) indicate position of the mouth; asterisk in panel P indicates
; panels E and I: 100 μm; panel H inset, and M: 50 μm.
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ments. Additionally, numbers of stacked chondrocytes within
each ceratobranchial element were reduced in the morphant
embryos compared to control morpholino-injected embryos
(Figs. 2M–O). The mesodermally-derived neurocranium
appeared mostly unaffected (not shown). The ethmoid plate
and trabeculae, to which the cranial neural crest also contribute
(Eberhart et al., 2006), generally exhibited normal morphology,
but appeared reduced in size.
Injection of the dlx1aMO resulted in a milder phenotype in
embryos and larvae. The mild phenotype became apparent
between 56 and 72 hpf. Arch cartilage elements appeared
modestly shorter (Figs. 2F, J and N) in comparison to wild-type
larvae or larvae that received the control MO (Figs. 2E, I, M).
The dlx1a morphant phenotype of reduced head outgrowth andFig. 3. dlx2a is necessary for survival of a subset of neural crest cells migrating to t
embryo compared with, (B) an embryo injected with dlx2aMO, 0.25 mM. (B, inset
Acridine orange staining of (C) control un-injected and (D) dlx2aMO-injected (0.5 m
(un-injected) 16 hpf embryo and an embryo injected with 0.25 mM dlx2aMO, (G, H
19 hpf. (G) Control (un-injected) embryo compared with (H) dlx2aMO injected embry
expression. Arrowheads in panels C, D, H indicate sites of cell death. (G, H) crestin
left. cns, central nervous system; e, eye; m, mesoderm; nc, neural crest; ov otic vesimalformed elements suggests a distinct role in growth and
maturation of arch cartilage not compensated for by other dlx
genes.
Co-injection of dlx1aMO and dlx2aMO, 0.25 mM each
(dlx1aMO+dlx2aMO) produced a phenotype more severe than
that of dlx2a morphants when examined at 120 hpf. Thus,
developmental retardation was observed during pharyngogen-
esis, typified by smaller heads with poor facial outgrowth (Fig.
2D). Chondrocyte stacking within the pharyngeal arch-derived
elements was disorganized as previously observed for dlx1a
and dlx2a morphants. Elements were reduced and malformed
(Figs. 2H, L, and P). Malformations observed included the loss
of the interhyal element through fusions of the hyosymplectic
and the ceratohyal element (Fig. 2H inset, arrowhead). The
interhyal is situated at the intermediate junction between dorsalhe pharyngeal arches. Crestin expression at 13 hpf in (A) Control (un-injected)
) crestin expression at 15 hpf in dlx2aMO-injected embryo (0.25 mM). (C, D)
M) embryos at 14 hpf. (E, F) TUNEL-labeled transverse sections of a control
) TUNEL labeling (black) and crestin (red) whole-mount in situ hybridization at
o, 0.25 mM. Arrowheads in panels A and B indicate reductions of rostral crestin
labeled neural crest streams are labeled with Roman numerals. Anterior is to the
cle; y, yolk. Scale bar: (A, G) 100 μm, (E) 50 μm.
Fig. 4. Zebrafish dlx2a is necessary for survival of a subset of cranial neural
crest cells at later stages of pharyngeal arch development. TUNEL labeling
was performed on 32 hpf embryos that received (A, A′) the control MO,
0.5 mM; (B, B′) dlx1aMO, 0.5 mM; (C, C′) dlx2aMO, 0.25 mM; (D, D′)
dlx1aMO+dlx2aMO, 0.25 mM each. Anterior is to the left. e, eye; ov, otic
vesicle. Boxed area (A) delineates region of interest (ROI) magnified in the
associated A′–D′ panels. Arrows indicate cells labeled by TUNEL. Scale bar
(A–D): 100 μm; (A′–D′): 50 μm. (E) Histogram depicting the average number
of cells undergoing apoptosis within the ROI. Numbers of cells undergoing
apoptosis, within the boxed area, were derived by counting and averaging cells
from 10 embryos for each morpholino injected.
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ceratobranchials was evident indicating aberrant patterning
(Fig. 2P, asterisk).
dlx2a contributes to the survival of cranial neural crest cells
migrating to the arches
The severity of dlx2a morphants, compared to the dlx1a
knockdown, suggests that dlx2a may play an important role in
early development of the arch primordia. The dlx2a gene is
expressed in the 2–3 somite embryos (10 hpf) in hindbrain
neural crest that subsequently begin to migrate in three streams
towards the prospective pharyngeal arches (Akimenko et al.,
1994). To determine the function of dlx2a in the migrating
cranial neural crest cells, we examined embryos that were
stained for the pan-neural crest marker, crestin, a multi-copy
retro-element (Luo et al., 2001; Rubinstein et al., 2000).
Expression of crestin was reduced in the hindbrain of 13 hpf
embryos injected with the dlx2aMO (Fig. 3B) relative to control
embryos (Fig. 3A). To ensure this was not due to a
developmental delay, older embryos were examined at several
time points during pharyngogenesis. Similar results were
observed (shown at 15 hpf in the inset of Fig. 3B; additional
data not shown). The region affected overlaps with that of dlx2a
expression in migrating neural crest cells (Akimenko et al.,
1994). To determine if impaired developmental specification
of arch neural crest, as evidenced by loss of marker gene
expression, was due to increased apoptosis of these cells,
acridine orange and TUNEL labeling were carried out. In
contrast to control embryos which exhibited punctate acridine
orange staining throughout the embryo (Fig. 3C), embryos
injected with the dlx2aMO showed an increase in staining in the
hindbrain region (Fig. 3D). To ensure that the stained cells were
cranial neural crest, we examined TUNEL labeling in the
hindbrain of sectioned embryos (Figs. 3E, F), as well as
performed a double labeling of crestin expression and TUNEL
in whole embryos (Figs. 3G, H). The increase in apoptotic cells
within the migrating neural crest streams suggests that dlx2a
specifies a distinct population of cells bound for the pharyngeal
arches, and contributes to their survival necessary for their
subsequent differentiation into their derivatives.
As dlx2a function is necessary for the proper survival of a
subset of neural crest cells that migrate towards the pharyngeal
arch area (Fig. 3), we examined whether dlx1a and dlx2a are
also required for cell survival at later stages during pharyngo-
genesis. Utilizing TUNEL labeling on 32 hpf embryos, we
assessed the number of apoptotic cells within a specific region
that includes the first and second arches (boxed area; Fig. 4A).
In comparison to embryos injected with the control MO (Figs.
4A, A′), or with the dlx1aMO (Figs. 4B, B′), dlx2a morphants
(Figs. 4C, C′) and dlx1a+dlx2a morphants (Figs. 4D, D′),
averaged a three-fold increase in the number of TUNEL-
labeled cells within the region of interest (Fig. 4E). This
suggests that dlx2a continues to be necessary throughout arch
development for survival of a fraction of neural crest cell
derivatives, while dlx1a does not seem to be necessary for their
survival.dlx1a/dlx2a are necessary for proper arch patterning
Cranial neural crest cells expressing dlx2a contribute to the
ectomesenchyme of the pharyngeal arches. We examined the
dlx1a and dlx2a morphants soon after migrating crest cells
reached the arches and expression of dlx1a had initiated. The
impact of the dlx2a and/or dlx1a loss of function was determined
with the arch markers sox9a, a neural crest and prechondrogenic
marker (Yan et al., 2002), with neuroD, a marker of the
epibranchial placodes and neurogenic fate (Andermann et al.,
Fig. 5. Effects of dlx1a, and dlx2a loss of function on arch markers. (A, E, and I) Control MO, 0.5 mM; (B, F and J) dlx1aMO, 0.5 mM; (C, G and K) dlx2aMO,
0.25 mM; (D, H, and L) dlx1aMO+dlx2aMO, 0.25 mM each. Expression of (A–D) sox9a, (E–H) neuroD and (I–L) nkx2.3. All panels show dorsal view of flat
mounted embryos with anterior to the left. Arrowheads indicate sites of reduced or lost expression. Roman numerals indicate cranial neural crest streams. g, gill arches;
ad/av/f, anterodorsal/anteroventral lateral line/facial placode/ganglia; h, hyoid; m, mandibular arch; o, octavel/statoacoustic ganglia precursors; ov, otic vesicle;
p, posterior lateral line placode/ganglion. Scale bar: 100 μm.
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pharyngeal endoderm (Lee et al., 1996). Compared to embryos
injected with the control MO (Fig. 5A), sox9a expression in
dlx1amorphants was unaffected (Fig. 5B). The dlx2amorphants
and the dlx1a+dlx2a morphants, however, showed a loss of
sox9a expression in the first arch (Figs. 5C, D, arrowhead)
and reduced expression in the more posterior arches. Expression
of neuroD was perturbed in the epibranchial placode/ganglia
precursors of the dlx2a and dlx1+dlx2a morphants (Figs. 5G,
H) which exhibited a loss of neuroD expression in theFig. 6. Loss of dlx2a but not of dlx1a function perturbs barx1 and goosecoid (gsc
0.5 mM; (B, F) dlx1aMO 0.5 mM; (C, D) dlx2aMO 0.5 mM; (D, H) dlx1aMO+dlx2
region. (E–H) gsc expression in lateral views, arrowhead indicates location of the dor
expression domain; v, ventral expression domain. Scale bar: 50 μm.anterodorsal/anteroventral lateral line and facial ganglia pre-
cursors in contrast to both dlx1amorphants (Fig. 5F) and control
embryos (Fig. 5E). Expression of neuroD was unaffected by
dlx2aMO or by a combination of the dlx1a+dlx2aMOs in the
octaval/statoacoustic ganglia precursors (Fig. 5).
Pharyngeal endoderm interacts with the neural crest to
pattern the cartilaginous tissues, which are affected by dlx1a
and dlx2a loss of function (David et al., 2002). To ensure
proper patterning of the arches, expression of the endoderm
marker nkx2.3 was examined (Figs. 5I–L), and found to be) expression in the developing second arch (a2) at 48 hpf. (A, E) Control MO
aMO 0.25 mM each. (A–D) barx1 expression; arrow indicates the intermediate
sal expression domain in the morphants. a1, first arch; a2, second arch; d, dorsal
Fig. 7. Comparison of zn-5 staining in control and dlx1a, and dlx2a, and
dlx1a/dlx2a morphants. Whole-mount immunohistochemical staining of 34 hpf
embryos with the zn-5 antibody. Control embryos (A) are compared with
embryos that were injected with (B) dlx1aMO, 0.5 mM; (C) dlx2aMO, 0.5 mM;
(D) dlx1aMO+dlx2aMO 0.25 mM each. All panels are lateral views with
anterior to the left. gV, trigeminal ganglia; gX, vagus ganglia; ov, otic vesicle;
gill arches are underlined. Scale bar: 50 μm.
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However, expression was reduced in the dlx1a+dlx2a mor-
phants (Fig. 5L).
The disorderly stacking of chondrocytes suggests disruption
of the earlier stages of chondrogenesis (Kimmel et al., 1998;
Thorogood, 1983). To examine earlier events, we also
examined the expression patterns of goosecoid (gsc)
(Schulte-Merker et al., 1994) and barx1 (Walker et al., 2006;
Sperber and Dawid, unpublished results), in 48 hpf larvae that
had been previously injected with dlx1aMO, dlx2aMO, or
dlx1a+dlx2aMO. The gsc and barx1 genes are two molecular
markers of early arch patterning expressed in distinct
dorsoventral regions of the second pharyngeal arches. At
48 hpf, barx1 is expressed in the second pharyngeal arch (a2),
more specifically in the presumptive dorsal hyosymplectic
condensation and in the ventral ceratohyal condensation (Fig.
6A). This pattern was not affected by the dlx1aMO (Fig. 6B).
However, the dlx2a (Fig. 6C) and dlx1a+dlx2a (Fig. 6D)
morphants exhibit a reduced outgrowth of the arches and
showed barx1 expression within the intervening region
between the dorsal expression domain (d) and the ventral
domain (v), where transcripts are not normally observed upon
chondrocyte condensation (Figs. 6A–D; arrows). Compared to
controls (Fig. 6E) and dlx1a morphants (Fig. 6F), the dlx2a
morphants (Fig. 6G) and dlx1a+dlx2a morphants (Fig. 6H),
showed a reduction or an absence of expression in the dorsal
expression domain of the second arch (Figs. 6G, H; arrow-
heads), whereas the ventral gsc expression domain was little
or not affected. The presence of dysmorphic arch cartilage
elements observed in the larvae, the decreases in goosecoid
and the aberrant dorsal expression of barx1, all suggest that
the dlx1a and dlx2a genes influence, at an early stage, the
condensation and maturation of chondrocytes.
dlx2a is necessary for development of the sensory ganglia
In addition to arch osteochondroprogenitors, the cranial
neural crest consists of subpopulations of cells that migrate
laterally destined for a neural fate (Schilling and Kimmel,
1994). The dlx2a gene is expressed in the developing
trigeminal ganglia (Akimenko et al., 1994) and is required for
its aborization in the mouse (Qui et al., 1995). The loss of
neuroD expression in the ad/av/f precursors (Fig. 5) prompted
us to examine dlx2a function in trigeminal ganglia differentia-
tion. To further explore the effects of dlx2a and dlx1a
inactivation on arch morphology and cranial neural crest
fated for neurogenesis, we examined endodermal pouch and
sensory ganglia formation using the zn-5 antibody in 34 hpf
embryos (Figs. 7A–D). The zn-5 antibody recognizes DM-
GRASP, an adhesion molecule on the surface of a subset of
growing motoneurons, and early endodermal cell-types (Fas-
hena and Westerfield, 1999). Compared to controls (Fig. 7A),
the dlx2a morphants showed a decrease in zn-5 immuno-
reactivity in the sensory ganglia and endodermal pouches
(Fig. 7C). Embryos injected with dlx1a+dlx2aMOs (Fig. 7D)
showed a zn-5 staining similar to that observed in dlx2a
morphants. Compared to control embryos (Fig. 7A), dlx1amorphants showed modest reductions in endodermal zn-5
staining and no effect was observed in the sensory ganglia (Fig.
7B). Diminished zn-5 staining of the ganglia in dlx2MO and
dlx1aMO+dlx2aMO injected embryos suggests neural crest
cells that migrate laterally and contribute to the neuronal
architecture also require dlx2a function for their proper
development.
Discussion
The regionalization of the mandibular arch, a gnathostome
characteristic, is thought to be a prerequisite for the formation
of the jaws. The vertebrate Dlx genes, expressed in nested
overlapping patterns within the mandibular arch, are considered
to play an important role in the combinatorial code that
contributes to the specification of the proximodistal axis
(Depew et al., 2005; Panganiban and Rubenstein, 2002). The
mammalian Dlx1/2 genes are expressed from the most proximal
region through to the distal tip of the mandibular arch, whereas
expression of Dlx5/6, and Dlx3/4, overlaps that of Dlx1/2 in
gradually more distal cells (Depew et al., 2005). Loss of
67S.M. Sperber et al. / Developmental Biology 314 (2008) 59–70function studies utilizing targeted Dlx null mutants in the
mouse support the hypothesis of a Dlx code defining the
proximodistal axis of the arches (Depew et al., 2005). Qiu and
colleagues (1995) proposed that mouse Dlx2 null mutants,
exhibiting alterations or absence of hard tissues primarily
derived from proximal aspects of the first and second arch, are
reminiscent of more primitive reptilian jaws, suggesting an
atavistic morphological change had occurred. Mouse null
mutants for Dlx1 revealed a comparatively mild phenotype
with mouse pups capable of survival beyond birth suggesting
a partial genetic redundancy between Dlx family members
(Qiu et al., 1997). Mouse null mutants for Dlx1/2 exhibited
additional alterations in the hard tissues suggesting synergism
between the linked paralogues (Depew et al., 2005; Qiu et al.,
1997).
The zebrafish dlx2a gene is the only dlx gene of this species
that is expressed in cranial neural crest cells as they migrate
towards the pharyngeal arches. As such it likely plays a
particularly important role, amongst dlx genes, in the develop-
ment of the craniofacial skeleton. Using morpholino-mediated
knock-down experiments, we assessed the role of dlx2a, and of
the physically-linked dlx1a, in patterning of the pharyngeal
arches and regionalization of the jaws. Morpholino oligonu-
cleotides attenuate translation of targeted genes and therefore
provide a hypomorphic to almost null phenotype to assess gene
function over a range of activities. Inactivation of dlx1a and
dlx2a, as well as dlx1a+dlx2a results in poor head outgrowth
and pharyngeal arch cartilage patterning defects. Some of the
alterations are reminiscent of phenotypes observed in mouse
Dlx mutants although this may not apply to all, including
the reduced and malformed ventral elements such as Meckel's
and certohyal cartilages that we observed in zebrafish. In
addition, we have shown that dlx1a/dlx2a function to pattern
the dorsal aspect of the hyoid arch suggesting that the linked
genes are necessary for the dorsal patterning and outgrowth of
the viscerocranium.
The role of dlx2a in cranial neural crest survival
Inactivation of dlx2a results in increased apoptosis during
the period of neural crest migration, as well as during
pharyngogenesis, suggesting that a subset of neural crest cells
require dlx2a for their survival. It has previously been suggested
that cell differentiation and apoptosis are coupled events, and
cells incapable of differentiating or that do not attain the correct
stage of development at a particular place or time undergo
programmed cell-death (Raff, 1992; Raff et al., 1993). Although
inactivation of dlx2a influences rhombencephalon-derived
neural crest cell survival, some neural crest cells do migrate
and contribute in a reduced manner to the cartilage elements
suggesting either partial knock-down of function and or
compensation by other neural crest factors. It is possible that
dlx2a functions synergistically or acts in parallel with genes
such as sox9a (Yan et al., 2002), and tfap2α (Barrallo-Gimeno
et al., 2004) to maintain the migrating neural crest.
Inactivation of dlx2a also results in reductions in the
expression of the neural crest markers and this effect is morepronounced anteriorly. This suggests that dlx2a function may
be essential for a subset of cells destined for the pharyngeal
arches and derived from the first and second cranial neural
crest streams. These streams contribute to the first and second
arches, whose derivatives exhibit a more complex morphology
compared to derivatives of more posterior arches. Expression of
sox9a is most affected in the first arch of dlx2a morphants.
Expression of neuroD, a marker of neural precursor cells in the
arches is similarly more affected in the first pharyngeal arch.
This suggests that dlx2a is important for differentiating of these
cells within the non-hox gene expressing cranial neural crest
cells. The sox9a-, and neuroD-expressing cells from the post-
otic stream as well as the pre-otic derived octavel/statoacoustic
ganglia precursors appear not to require dlx2a as their
expression is only mildly affected in the dlx2a morphants.
This suggests that other genes such as tfap2a may compensate
for neural crest maintenance in the posterior streams. A
reciprocal relationship between dlx2a and tfap2 might also
take place in the first arch crest derivatives. Thus, in the mont
blanc/lockjaw tfap2a mutant, development of derivatives of
first arch neural crest proceeds but cells in the more posterior
migration stream and head pigmentation are affected (Barrallo-
Gimeno et al., 2004; Knight et al., 2003). Our data further
suggests that dlx1a or other zebrafish dlx genes are not able to
compensate for the loss of dlx2awithin the first arch, suggesting
partially divergent roles for dlx paralogs in early patterning of
the arches.
Dorsoventral patterning of the pharyngeal arches
The nested expression patterns of the mouse Dlx genes in the
arches correlate with their role in determining proximodistal
identity. In zebrafish, dlx1a and dlx2a appear to participate in
the patterning of both the dorsal and ventral aspects of the
anterior arches. Morphants for dlx2a and dlx1a+ dlx2a
exhibited an absence of or a reduction in gsc transcripts in the
dorsal aspect of the ceratohyal arch, while maintaining
expression in more ventral cells. Misexpression of barx1 as
seen in the second arch (Figs. 6A–D), and joint fusions between
the hyosymplectic and the ceratohyal elements (Fig. 2H) in
dlx1aMO+dlx2aMO morphants is suggestive of a loss of
identity in the intermediate region that distinguishes dorsal from
ventral aspects.
It has been previously shown that endothelin 1 (Edn1)
signaling is necessary for ventral arch expression of dlx2a and
dlx3b in zebrafish (Miller et al., 2000), and distal expression
of Dlx6 in the mouse (Charite et al., 2001). Expression of the
zebrafish edn1 gene is observed in the arch mesodermal cores
beginning at approximately 18 hpf (Miller et al., 2000), a time
that corresponds to arch neural crest migration, and just prior to
subsequent dlx arch expression (Akimenko et al., 1994).
Zebrafish mutant for edn1 (sucker) lose ventral, dlx2a, dlx3b,
and goosecoid arch transcripts but retain dorsal expression of
these genes (Miller et al., 2000). More recently, zebrafish
mutants in genes such as furin (sturgeon) and plcβ3 (schmerle),
whose products participate in the Edn1 pathway, also exhibit
loss of dlx expression and reduced elongation within the ventral
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2007). These mutants exhibit smaller dysmorphic hyoid arch
cartilage elements fused to the dorsal hyomandibular, and
segment defects in the gill arches (Kimmel et al., 1998). Taken
together, these observations suggest a relationship between
Edn1 signaling and dlx gene expression in ventral arch
patterning. In order to determine if proper expression of dlx
genes in turn could be necessary to maintain Edn1 signaling, we
examined edn1 expression at 24 hpf in dlx2a morphants but
saw no difference (Supplementary figures 1A, B). We also
examined expression of hand2 (dhand), a downstream effector
of Edn1 signaling. Interestingly, hand2 expression appeared
reduced in dlx2a morphants at 34 hpf but expression was never
lost (Supplementary figures 2A–D). In the mouse, hand2
expression is regulated by G-protein factors and by DLX6
(Clouthier et al., 2000). It is possible that the zebrafish dlx6a
homolog or other zebrafish dlx genes are necessary to maintain
hand2 expression. Thus, our results suggest that dlx2a and or
dlx1a may act in parallel with Edn1 in the ventral portions of
the arches.
The role of dlx2a and dlx1a in chondrogenesis
Pharyngeal arch cartilage elements arise from the ectome-
senchymal condensations that presage endochondral bone
formation. The role of the mouse and chick Dlx genes during
chondro- and skeletogenesis has been previously examined
(Depew et al., 1999, 2005; Ferrari and Kosher, 2002; Ferrari
et al., 1995; Holleville et al., 2003; Qiu et al., 1995, 1997,
Robledo et al., 2002; Xu et al., 2001). Attenuation of dlx1a,
dlx2a and dlx1a+2a resulted in dysmorphic cartilage elements
that included fusions between the hyosymplectic and the
ceratohyal cartilage elements, as well as aberrant branching
of ceratobranchials. Previous studies have shown that, dlx
genes participate in regulating chondrocyte condensations
(Ellies et al., 1997a; McKeown et al., 2005). The dysmorphic
arch cartilage elements in dlx1a, dlx2a, and dlx1a+dlx2a
morphants are possibly due to an inability to pattern the
prechondrocytes.
The dlx2a and dlx1a+dlx2a morphants showed a reduction
in sox9a expression, a master regulator of prechondrogenic
fate, most prominently in the mandibular arch and aberrant
expression of barx1 and gsc, markers of chondrocyte con-
densation. The zebrafish sox9amutants (jellyfish), lack cartilage
differentiation, show disruption of chondrocyte arrays and
abnormal shaping of elements. Expression of dlx2a in jellyfish
mutants is, however, unaffected (Yan et al., 2002). This and the
phenotype of the dlx2aMO injected larvae suggest that dlx2a
may modulate sox9a expression in the arches and, conse-
quently, influence chondrogenesis through this interaction.
In the mouse, Dlx2 is necessary for proper development of
proximal hard tissues of the mandible and hyoid (Qiu et al.,
1995). Unlike Dlx2−/− mouse mutants, no pharyngeal arch
cartilage elements were completely abolished in zebrafish
morphants; they were instead reduced and malformed. We
suggest a partial functional redundancy between paralogs may
attenuate the morphant phenotype.The neurocranium remained mostly unaffected: mild reduc-
tions in size were observed but the shape appeared normal. High
resolution fate mapping suggests that neural crest cells of the
first stream, in addition to contributing to the first arch also
migrate and contribute to the anterior neurocranium (Eberhart
et al., 2006). Our mildly dysmorphic ethmoid/trabecular
phenotype suggests that a contribution of the dlx2a expressing
cells to the trabeculae and ethmoid is small. Alternatively, the
contributing cells could be from a more anterior sub-population
that does not express dlx2a but is, nevertheless, derived from
the first stream of migrating cells.
The dlx1a morphants showed a milder mutant phenotype
compared to dlx2a morphants embryos, suggesting either some
distinct function in patterning cartilage elements, or a partial
compensation of dlx1a loss of function by dlx2a and/or other
dlx family members. The severity of the dlx1a+dlx2amorphant
phenotype suggests that the two paralogs may cooperate in the
patterning of the condensing mesenchyme.
A second, dlx2 paralog exists in the zebrafish: dlx2b
(formally known as dlx5) (Ellies et al., 1997b). However,
dlx2b is not expressed in the pharyngeal arches during
pharyngogenesis, and is mostly confined to the developing
teeth situated on the fifth ceratobranchials (Jackman et al.,
2004).
Effects of loss of dlx2a function on neuronal tissues
The dlx2a morphants also showed deficiencies in neuronal
tissues. The cranial neural crest streams influences the
epibranchial placodes and contribute to their formation. In
chick, midbrain and cranial rhombomeres 1, 2, 3 neural crest
cells contribute to the trigeminal ganglia formation (Lumsden
et al., 1991). Both mice and zebrafish express Dlx2 and dlx2a,
respectively in the trigeminal ganglia (Qiu et al., 1995;
Akimenko et al., 1994). In the mouse, Dlx2 null mutants
exhibit aberrant arborization of the first arch branches of the
sensory cells (Qiu et al., 1995). In zebrafish dlx2a morphants,
neuroD expression in the anterior anterodorsal/anteroventral
lateral line/facial placode/ganglia precursors is diminished or
lost, while the octavel/statoacoutsttic ganglia and posterior
lateral line precursors maintain expression. When we performed
immunostaining with the zn-5 antibody on dlx2a morphants,
we observed loss of the trigeminal and facial ganglia. Therefore,
we speculate that dlx2a is necessary for the differentiation of the
trigeminal ganglia, as well as a subset of the sensory ganglia that
are neural crest derived from the anterior rhombomeres. These
either contribute to or influence the neural crest during
migration into the arches.
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